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A B S T R A C T   

In this study, a series of reduced model tests was conducted on soil foundations reinforced by Geosynthetic- 
Encased Granular Columns (GECs) placed across a reverse fault. These tests aimed at evaluating the effective
ness, reinforcing mechanism and optimal GEC horizontal spacing to mitigate the ground surface deformation 
associated with reverse faulting. For comparison, reduced model tests were also performed on unreinforced and 
Geosynthetic-Reinforced Soil (GRS) foundations. The reduced model tests were conducted to simulate a proto
type 3-m-thick foundation layer subjected to a reverse fault displacement of 0.9 m. Digital Image Analysis (DIA) 
techniques were adopted to determine the surface displacement profile, angular distortion and shear rupture 
propagation considering various reverse fault offsets. Test results revealed that the GEC foundation can 
considerably reduce the fault-induced angular distortion at the ground surface. A reduction of 23.3% on the 
maximum angular distortion at the ground surface was observed as the fault displacement reached 30% of the 
foundation height (S/H = 30%), indicating the GEC foundation can mitigate the risk of surface fault hazards 
associated with large reverse fault movement. Two mechanisms, shear rupture diffusion and diversion effects, 
were identified for the GEC foundation, depending on the magnitude of the fault displacement and the system 
stiffness of the GEC foundation. Because of complex mechanisms between diversion and diffusion of the shear 
rupture in the GEC foundations, an optimal GEC spacing of Sh/dc = 3.3 was observed, which exhibited the most 
significant reduction in βmax at large fault offsets.   

Introduction 

The surface manifestation of earthquake fault movements may result 
in shear rupture and differential settlements, which represent two major 
surface hazards for structures subjected to such fault movements [11]. 
Specifically, excessive shear forces and bending moments may cause 
severe structural damage to buildings or civil infrastructure overlying 
the faulting zone. In general, construction of buildings or infrastructure 
across or adjacent to existing fault rupture zones should be avoided. This 
is often codified in regulations that restrict construction of buildings 
within site-specific fault setbacks. However, avoiding construction 
across a fault zone may not be possible for linear infrastructure, such as 
highways, railways and roads. In such cases, geotechnical strategies 
should be implemented to mitigate the impact of a potential fault- 
induced shear rupture and associated differential settlements on the 
overlying infrastructure. 

Studies have proposed various geotechnical strategies to mitigate 
problems associated with surface fault hazards 
[2,8,10,11,17,21,22,23,25,26,27,36,39,42]. These geotechnical strate
gies (summarized in Table 1) can be categorized into three groups: (1) 
installation of a special foundation to maintain rigid body movement of 
the superstructure; (2) construction of diaphragm walls or buffer 
trenches to divert fault ruptures; and (3) increasing the ductility of the 
soil materials overlying a bedrock fault to diffuse the impact of fault 
ruptures. Among the aforementioned strategies, increasing the ductility 
of soil materials, e.g., by reinforcing surface layers with geosynthetics, 
has typically been the most viable and cost-effective option for linear 
infrastructure. For example, soil layers can be reinforced with geo
synthetics placed horizontally over comparatively long distances to span 
potential surface fault rupture zones. Studies have reported that soil 
ductility, often quantified as its axial strain at failure, is a controlling 
factor that determines the magnitude of surface deformations resulting 
from a surface fault rupture [9,10]. If the soil materials overlying a 
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bedrock fault are brittle, the fault rupture will be reflected through the 
overlying soil layer and reach the ground surface, resulting in failure of 
the superstructures. However, if the overlying soil layer is ductile (or 
relatively thick), the fault rupture displacements will be dissipated over 
a relatively wide influence zone, thereby producing relatively smooth 
ground deformation. 

Geosynthetic-Reinforced Soil (GRS) structures have been imple
mented in engineering practice to mitigate surface faulting hazards. In 
Central Taiwan, for example, a highway embankment was constructed 
across the Chelungpu Fault. In the 1999 Chi-Chi earthquake (ML = 7.3), 
the vertical surface movement ranged from 5 to 7 m along the major 
thrust of the Chelungpu Fault, which resulted in failure of much of the 
overlying buildings and infrastructure [16]. This included the failure of 
rigid gravity retaining walls, which were attributed to the considerable 

surface rupturing induced by the fault movement. To reduce the reoc
currence of similar events, the Chelungpu Fault was subsequently tra
versed by constructing a ductile highway embankment comprising a 
GRS wall overlying a GRS foundation. Fig. 1 presents an aerial view of 
the embankment. Yang et al. [42] conducted a series of reduced model 
tests to investigate the performance of GRS foundations subjected to 
normal fault movement. The test results revealed that GRS foundations 
can reduce fault-induced angular distortions at the ground surface by up 
to 60% in comparison with unreinforced foundations. This reduction 
could be attributed to the development of reinforcement tensioned 
membrane and shear rupture interception effects. Chiang et al. [17] 
conducted numerical simulations aimed at developing design methods 
for GRS foundations on the mitigation of ground deformation induced 
by normal fault movement. Although studies have validated the benefits 

Nomenclature 

Ar area replacement ratio (%) 
D maximum displacement (ft) 
D50 mean particle size (m) 
Dr relative density (%) 
Eϕ efficiency factor (dimensionless) 
EI bending stiffness of GEC (kN-m2) 
Gs specific gravity (dimensionless) 
H foundation height (m) 
J50 reinforcement tensile stiffness (kN/m) 
L total length of foundation (m) 
LI fault influence length (m) 
LR reinforcement length (m) 
ML Richter magnitude (dimensionless) 
Rd percentage reduction for maximum angular distortion (%) 
S fault offset/vertical fault displacement (m) 
Sh horizontal spacing of GEC (m) 
Sv reinforcement vertical spacing (m) 
T reinforcement tensile force (kN/m) 
Tult reinforcement ultimate tensile strength (kN/m) 
c′ effective cohesion (kPa) 
dc diameter of GEC (m) 
lc embedded length of GEC (m) 
lij horizontal distance between reference points i and j (m) 
n number of reinforcement layers (dimensionless) 
x distance to the left boundary (m) 

α dip angle of normal fault (◦) 
βallow allowable angular distortion 
βij angular distortion between reference points i and j 

(dimensionless) 
βmax maximum angular distortion (dimensionless) 
βmax, r maximum angular distortion of reinforced foundation 

(dimensionless) 
βmax, u maximum angular distortion of unreinforced foundation 

(dimensionless) 
γd dry unit weight (kN/m3) 
γd, max maximum dry unit weight (kN/m3) 
γd, min minimum dry unit weight (kN/m3) 
γxy soil shear strain (dimensionless) 
λ target scaling ratio (dimensionless) 
δ surface settlement (m) 
δ′ effective interface friction angle (degree) 
δij vertical displacement between reference points i and j (m) 
ε reinforcement tensile strain (%) 
εa soil axial strain (%) 
εf reinforcement tensile strain at failure (%) 
εv soil volumetric strain (%) 
εult reinforcement ultimate tensile strain (%) 
σ3 confining pressure (kPa) 
σd deviatoric stress (kPa) 
σn normal stress on the soil-reinforcement interface (kPa) 
σv overburden pressure (kPa) 
ϕ′ effective peak friction angle (degree)  

Table 1 
Summary of geotechnical strategies for surface fault hazards proposed in past studies.  

References a Fault 
type 

Mitigations 

Bray et al. (1993) N/R Geosynthetic-reinforced compacted fills 
Bray (2001) N/R Avoidance/geotechnical approach (reinforced earth fills) 
Gazetas et al. (2008) N/R Continuous and rigid foundation systems (mat or box type) 
Faccioli et al. (2008) N Rigid, continuous and flexible foundation systems 
Bray (2009) N/R Ductile earth fills/soil reinforcement/slip layers/strong and ductile foundations (thickened reinforced mat foundation, waffle slabs and post- 

tensioned slabs), etc. 
Oettle and Bray (2013) N/R Diffusion of fault rupture (ductile engineered fill)/rigid-body movement (thick mat foundation, decoupling of foundation and soil)/diversion 

of fault rupture (ground improvement, diaphragm wall, basement, ground anchors, seismic gap) 
Fadaee et al. (2016) R Soil-bentonite wall 
Ashtiani et al. (2017) R Vertical trench adjacent to foundation/reinforced zone beneath foundation 
Loli et al. (2018) R Hybrid foundations (integrated with footings and cofferdam or skirts) 
Garcia and Bray 

(2019a, b) 
N/R Rigid and continuous foundations 

Yang et al. (2020) N Geosynthetic-reinforced soil foundations 
Chiang et al. (2021) N Geosynthetic-reinforced soil foundations 
Firouzeh et al. (2022) R Wall barriers (Expanded Polystyrene [EPS] geofoam, soil-bentonite and Lightweight Expanded Clay Aggregate [LECA])  

a N = normal fault; R = reverse fault. 
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of using GRS foundations to mitigate normal fault hazards, the perfor
mance of GRS foundations subjected to reverse fault movement is not yet 
understood. In fact, GRS foundations may not effectively reduce reverse 
fault-induced ground deformation. Sufficient mobilized tensile force 
was not developed within the reinforcements because the reinforcement 
was subjected to compression as reverse fault displacement occurred (i. 
e., the hanging wall moves upward). Accordingly, another type of 
reinforced soil foundation, Geosynthetic-Encased Granular Columns 
(GECs), was proposed and investigated in this study to overcome such 
deficiencies and provide informative design implications of using GEC 
foundations in reverse fault hazard mitigation. The investigated GEC 
foundation is intended to support a GRS wall as a highway embankment 
to reduce the extent of fault-induced angular distortion to an acceptable 
level and maintain the stability of the overlying GRS wall. The perfor
mance of GEC foundations (i.e., the effectiveness and reinforcing 
mechanisms of GEC foundations, and the optimal horizontal spacing of 
GECs) subjected to reverse fault movement was evaluated. 

GECs have commonly been used to support road embankments that 

overlie extremely weak soils as they provide not only vertical support to 
road embankments but also enhance clay subsoils by accelerating its 
consolidation. Experimental and numerical studies have investigated 
the effectiveness of GECs in improving the bearing capacity of extremely 
weak soils and evaluated the failure mechanisms of GECs under vertical 
loading conditions, such as bulging and punching 
[1,6,14,15,18,19,28,29,31,33,34,40]. Researchers have also evaluated 
the mechanical behavior of GECs embedded in weak soils and subjected 
to lateral loading conditions [13,30,37,38,45]. The shear and bending 
resistance of GECs against lateral loads or displacement are key factors 
that may significantly influence the performance of GEC foundations in 
surface fault hazard mitigation. These studies have indicated that geo
textile encasement can considerably improve the overall performance of 
sand or stone columns subjected to lateral loads or displacement. 
However, most of these studies focused only on the mechanical behavior 
of GECs embedded in weak cohesive soils in road embankments. How
ever, the performance of GEC-reinforced granular soil foundations 
subjected to fault movement has not been evaluated in previous studies 

Fig. 1. Aerial view of the GRS embankment constructed in Taiwan to mitigate hazards posed by a potential surface fault rupture.  

Fig. 2. Illustration of sandbox and reduced-scale model test setup.  
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and is not fully understood. 
To address this gap in the state of knowledge, reduced model tests 

were conducted to investigate the performance of GEC foundations in 
mitigating the surface hazards associated with reverse faulting. For 
comparison, reduced model tests were also performed on unreinforced 
and GRS foundations. The reduced model tests were conducted to 
simulate a prototype 3-m-thick foundation layer subjected to a reverse 
fault displacement of 0.9 m. Digital Image Analysis (DIA) techniques 
were adopted to determine the surface displacement profile, angular 
distortion and shear rupture propagation at various reverse fault offsets. 
The effectiveness of a GEC foundation and reinforcing mechanisms of 
geotextile encasement to mitigate ground surface deformation were 
investigated. 

Reduced model tests 

Model characteristics and scope of the testing program 

The reduced-scale models tested in this investigation included un
reinforced, GRS and GEC foundations. The reduced model tests were 

conducted using a sandbox in the geotechnical research laboratory at 
National Taiwan University. Fig. 2 presents an illustration of the 
sandbox and overall test setup. The sandbox dimensions are 100 cm ×
20 cm × 60 cm (length × width × height). From the surface displace
ment profiles and shear strain contours obtained in the reduced model 
tests, it can be noticed that the surface displacement at the left and right 
boundaries was zero and the fault-induced shear rupture did not reach 
the boundaries of the sandbox, indicating that the boundary condition 
has a minor effect on the ground surface deformation and shear rupture 
development. The front and back walls of the sandbox consist of trans
parent plexiglass for visual observation during testing. The plexiglass 
walls were lined using lubricated thin plastic sheets to minimize soil–
wall interface friction. The bottom of the sandbox comprises a movable 

Table 2 
Experimental program and results of unreinforced and GRS foundation tests at maximum fault offset.  

Test Test 
ID 

Test variables Test results a 

Number of reinforcement layers 
n 

Horizontal 
spacing of GEC 
Sv (cm) 

Foundation 
height 
H (cm) 

Reinforcement stiffness 
J50 (kN/m) 

Maximum angular distortion 
βmax 

Percentage reduction b 

Rd (%) 

Unreinforced 
foundation 

U –  6.67 20  –  0.84 – 

GRS 
foundation 

R-3L 3  6.67 20  5.5  0.84 0  

a test results at S = 6 cm. 
b compared to the βmax of the unreinforced foundation (Test U). 

Table 3 
Experimental program and results of GEC foundation tests at maximum fault offset.  

Test Test 
ID 

Test variables Test results a 

Diameter of 
GEC 
dc (cm) 

Horizontal 
spacing of 
GEC 
Sh (cm) 

Foundation 
height 
H (cm) 

Reinforcement 
stiffness 
J50 (kN/m) 

Area 
replacement 
ratio 
Ar (%) 

Maximum 
angular 
distortion 
βmax 

Percentage 
reduction b 

Rd (%) 

Major reinforcing 
mechanism 

GEC 
foundation 

GEC8 3 8 20  5.5  11.03  0.71 15 Diversion 
GEC10 
(baseline) 

3 10 20  5.5  7.06  0.64 23.3 Diversion and 
diffusion 

GEC14 3 14 20  5.5  3.6  0.67 20 Diffusion  

a test results at S = 6 cm. 
b compared to the βmax of the unreinforced foundation (Test U). 

Fig. 3. Grain size distribution curve and photo of test sand.  

Table 4 
Soil and reinforcement properties.  

Properties Value 

Soil  
Soil classification (USCS) SP 
Specific gravity, Gs 2.65 
Mean grain size, D50 (mm) 0.98 
Min. dry unit weight, γd, min (kN/m3) 13.5 
Max. dry unit weight, γd, max (kN/m3) 16.4 
Relative density, Dr (%) 70 
Target dry unit weight, γd (kN/m3) 15.3 
Cohesion, c′ (kPa) 0 
Peak friction angle, ϕ′ (◦) 39.2 
Reinforcement  
Type Nonwoven geotextile 
Material Polypropylene (PP) 
Mass per unit area (g/m2) 29.6 
Thickness (mm) 0.235 
Ultimate tensile strength, Tult (kN/m) a 0.7/0.29 
Ultimate tensile strain, εult (%) a 32.4/87.4 
Tensile stiffness, J50 (kN/m) a 5.47/0.46 
Soil-reinforcement interface  
Peak interface friction angle, δ′ 27.4 
Efficiency factor, Eϕ 0.63  

a values before and after slash are tensile strength properties tested in machine 
and cross-machine directions, respectively. 
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hanging wall and a fixed footwall. Reverse fault displacement was 
generated by moving the hanging wall upward using a driving motor 
installed under the sandbox. The initial location of the reverse fault tip 
was x = 58 cm from the left boundary and the fault dip angle was set to 
60◦. 

Tables 2 and 3 summarize the scope of the experimental test program 
conducted in this study as well as the corresponding variables for the 
reduced model tests. A total of five model tests were conducted. Tests U 
and R-3L in Table 2 denote the tests conducted on the unreinforced and 
GRS foundations, respectively, which were carried out to compare the 
performance of GEC foundations. The remaining three tests in Table 3 
were GEC foundation tests and numbered as follows: GEC denotes a GEC 
foundation and the subsequent number denotes the GEC horizontal 

spacing in centimeters. For example, Test GEC10 corresponds to the test 
conducted on a GEC foundation with a horizontal spacing of 10 cm. 
GEC10 was used as the baseline case for a parametric study evaluating 
the influence of GEC spacing on the performance of GEC foundations. 

Material properties 

The soil material used in the reduced model tests was uniform quartz 
sand, which classifies as poorly graded sand (SP) according to the Uni
fied Soil Classification System (USCS). Fig. 3 displays the grain size 
distribution curve and a photograph of the sand used in this study. The 
material properties of the test sand were determined in accordance with 
the American Society for Testing and Materials (ASTM) standards 
(Table 4). The mean particle size of the sand was D50 = 0.98 mm, and the 
target dry unit weight was γd = 15.3 kN/m3 at a relative density Dr =

70%. The effective cohesion and peak friction angle of the test sand were 

Fig. 4. Triaxial consolidated-drained test results of test sand: (a) deviatoric 
stress vs. axial strain; and (b) volumetric strain vs. axial strain. 

Fig. 5. Wide-width tensile test results for nonwoven geotextile.  

Table 5 
Scaling factors and values based on similitude requirements.  

Parameters a Scaling 
factor 

Model Prototype 

Geometry    
Foundation height, H (m) 1/λ  0.2 3.0 
Soil parameter    
Target dry unit weight, γd (kN/m3) 1  15.3 15.3 
Friction angle, ϕ’ (◦) 1  39.2 39.2 
Reinforcement parameter    
Ultimate tensile strength, Tult (kN/m) 1/λ2  b 0.7 157.5 
Tensile stiffness, J50 (kN/m) 1/λ2  b 5.47 1231 
Interface parameter    
Soil-geosynthetic friction angle, δ’ 1  27.4 27.4 
GEC parameter    
Bending stiffness, EI (kN-m2) 1/λ5  6.35×10− 4 482.2  

a target scaling ratio λ = 15. 
b tensile strength properties tested in machine direction. 

Fig. 6. Illustration of bending stiffness tests on GECs: (a) initial state; and (b) 
deflection at final state. 
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c′ = 0 kN/m2 and ϕ′ = 39.2◦, respectively; these values were obtained 
from triaxial consolidated–drained (CD) compression tests [5]. Fig. 4 
depicts the stress–strain–volumetric strain curves for the sand used in 
this study also obtained from the triaxial CD tests. The test sand 
exhibited strain softening behavior at high confining pressure. The 
strain at failure of the test sand ranged from 2% to 5% for confining 
pressures ranging from σ3 = 50 to 200 kPa, which indicated the test sand 
was relatively brittle at the target relative density. 

The reinforcement material used in the reduced model tests was a 
nonwoven polypropylene geotextile, the material properties of which 
are listed in Table 4. Wide-width tensile tests [3] in the machine and 
cross-machine directions were conducted to evaluate the tensile strength 
properties of the reinforcement, and the results are presented in Fig. 5. 
In the machine direction, the ultimate tensile strength and failure strain 
of the nonwoven geotextile were Tult = 0.7 kN/m and εf = 32.4%, 
respectively, and the tensile stiffness at a stress level of 50% of the ul
timate tensile strength was J50 = 5.47 kN/m. In the cross-machine di
rection, the ultimate tensile strength and failure strain were Tult = 0.29 
kN/m and εf = 87.4%, respectively, and the tensile stiffness at 50% of 
the ultimate tensile strength was J50 = 0.46 kN/m. The longitudinal 
direction of the reinforcement material used in the GRS foundation test 
(indicated herein as planar geotextile) was oriented parallel to the 
designated machine direction to achieve high mobilized tensile force 
against reverse fault movement (i.e., the strong direction of the planar 
geotextile was oriented perpendicular to the reverse fault rupture). For 
the geotextile encasement used in the GEC foundation tests, the 
nonwoven geotextile was oriented in the designated machine direction 
in the circumferential direction of the geotextile encasement to develop 

hoop stress. Additionally, to account for interactions between the 
nonwoven geotextile and adjacent sand, interface direct shear tests [4] 
were conducted. The sand–geotextile interface friction angle obtained 
was δ′ = 27.4◦ and the efficiency factor was calculated to be Eϕ = tan 
δ′/tan ϕ′ = 0.63. 

To establish that the 1g test models and prototypes exhibited com
parable behavior, similitude analyses were conducted to identify the 
relationship between the physical quantities of the 1g test models and 
those of prototypes. The material properties adopted in the 1g reduced 
model tests were scaled down using scaling factors derived in accor
dance with Buckingham π Theorem [12]. Table 5 summarizes the scaling 
factors and corresponding values in prototype for the model geometry 
and material properties. These scaling factors have been adopted in 
numerous studies on 1g reduced model tests of GRS walls [24,41,43,44] 
to consider the similarity of 1g test models. A geotextile with a 
comparatively low tensile strength was selected to fulfill similitude re
quirements for the reduced model tests. Based on these requirements, 
the tensile strength properties of the reinforcement should be scaled 
down to 1/λ2 of the prototype tensile properties, where λ is the target 
scaling ratio. In accordance with the design height of the foundations 
and dimensions of the sandbox, a target scaling ratio of λ = 15 was 
selected for this study. Therefore, the tensile properties of the model 
reinforcement were scaled down 225 times to fulfill similitude 
requirements. 

In addition to the aforementioned material properties, the bending 
stiffness of a GEC, which is usually expressed as EI, is a key property 
influencing the performance of a GEC foundation. Fig. 6 displays pho
tographs of bending stiffness tests conducted in this study. The GEC 

Fig. 7. GRS foundation test (Test R-3L): (a) illustration (not to scale); and (b) photo of test.  
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specimen used for the bending stiffness tests had a diameter of dc = 3 cm, 
length of lc = 53 cm and was prepared at a target relative density of Dr =

70% with soil and reinforcement materials identical to those used in the 
reduced model tests. The GEC specimen was supported horizontally at 
the edges by two iron blocks and the deflection that developed in the 
middle due to self-weight was measured. The bending stiffness of the 
GEC was then back-calculated using the deflection equation for a linear 
continuous beam. The test results revealed that the bending stiffness of 
the GEC was EI = 6.35 × 10− 4 kN-m2, corresponding to a value of 482.2 
kN-m2 in prototype (a scaling factor of 1/λ5, as derived using Bucking
ham π Theorem). The bending stiffness of the GEC was significantly 
lower than a conventional concrete pile, indicating that the GEC foun
dation can be considered as a flexible reinforced system. However, it 
should be noticed that the bending stiffness of the GEC was measured 
under self-weight and simply support conditions. The bending stiffness 
of the GEC may vary as it was embedded in the foundation soil. Different 
loading conditions could cause different EI values and thus deformation 
behavior of the GECs. The scaling factor and corresponding value for the 
bending stiffness of the GEC in prototype are presented in Table 5. 

Model preparation and test procedure 

For the GRS foundation test, placement of a soil layer followed by a 
planar geotextile layer was repeated until the desired foundation height 
was reached (i.e., the height of the reduced-scale GRS foundation model 
was H = 20 cm). The soil layer was constructed with a target relative 
density Dr = 70% using the volume control method. The weight of sand 
required for the soil layer was calculated and pluviated from a hopper 

into the sandbox at a constant falling height and moving rate, after 
which the soil layer was carefully compacted to achieve uniform target 
relative density. Past studies [17,42] have investigated the influences of 
reinforcement spacing and number on the performance of GRS foun
dations subjected to surface fault movement. These studies suggested 
that a 3-layer GRS foundation with a uniform vertical spacing (i.e., Sv =

1/3H) had an optimal effect in minimizing the fault-induced angular 
distortion at the ground surface. Therefore, three layers of planar geo
textile were placed in the GRS foundation with a uniform vertical 
spacing of Sv = 6.67 cm. The two ends of the planar geotextile were 
clamped on rigid steel rods which were firmly fixed on the left and right 
boundaries of the sandbox. This approach was designed to simulate the 
field condition in which the length of the reinforcement is long enough 
such that reinforcement pullout does not occur within the fault influence 
zone. Plastic markers were attached to the longitudinal edges of the 
planar geotextile at specific horizontal spacings to monitor the defor
mation of the embedded reinforcement. Fig. 7 provides a schematic and 
a picture of the GRS foundation model before testing. According to the 
reduced model test similitude laws, the foundation was equivalent to a 
height of 3 m in prototype for the target scaling ratio of λ = 15 selected 
for this study. 

In the GEC foundation tests, low-friction stainless steel tubes were 
used to construct the GECs. Lubricated steel tubes were inserted into a 
full-height soil layer (i.e., the height of the reduced-scale GEC founda
tion model was H = 20 cm) at the desired locations. The location of the 
outermost GEC installed in the footwall was determined by considering 
the influential zone of the free-field fault rupture. Each steel tube had a 
thin-walled tip to minimize disturbance to the soil layer. The geotextile 

Fig. 8. Baseline GEC foundation test (Test GEC10): (a) illustration (not to scale); and (b) photo of test.  
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encasements were fabricated in advance, placed into the steel tubes, 
filled with the soil material and compacted to the target relative density. 
After the installation was completed, the steel tubes were carefully 
removed from the soil layer. A 1.5-cm-thick soil layer was then con
structed on top of the GEC foundations to provide overburden pressure. 
Fig. 8 displays a schematic and a picture of the baseline GEC foundation 

test (Test GEC10). The diameter of the GECs was dc = 3 cm, corre
sponding to a diameter of 0.45 m in prototype scale, and the length-to- 
diameter ratio of the GECs was lc/dc = 0.67. A fault displacement was 
induced after construction of the test models with a maximum fault 
displacement set at S = 6 cm due to the limited displacement capacity of 
the sandbox. The ratio of fault displacement to foundation height was S/ 
H = 30%. According to the similitude laws, the reduced-scale model 
tests simulated a reverse fault displacement up to 90 cm in prototype. 

During the reduced model tests, charge-coupled device cameras, 
aimed at the front and top of the sandbox, were used for continuous 
monitoring of test model deformation. The photographic data captured 
were analyzed using various DIA techniques to obtain the surface 
displacement profile, maximum angular distortion, and shear rupture 
propagation for the unreinforced, GRS, and GEC foundations at various 
fault offset magnitudes. The surface displacement profiles were obtained 
from Digital Terrain Models (DTMs) established using digital images of 
the top of the test models. Because the ground surface deformation 
induced by fault movement critically affects superstructure damage, the 
maximum angular distortion at the ground surface (βmax) was used in 
this study as a key indicator to evaluate the performance of the unre
inforced, GRS and GEC foundations. The angular distortion at the 
ground surface was determined from the surface displacement profile as 
follows: 

βij =
δij

lij
(1)  

where βij is the angular distortion (i.e., the tangent of distortion angle); 
δij and lij are the vertical displacement and horizontal distance between 
reference points i and j, respectively. The βmax was simply determined as 
the maximum value of βij (i.e., the steepest slope) along the surface 
displacement profile. To quantify the performance of the GRS and GEC 
foundations in reducing βmax at the ground surface, a percentage 
reduction for βmax (expressed as Rd) was adopted. The parameter Rd is 
expressed as follows: 

Rd(%) =
βmax,u − βmax,r

βmax,u
× 100% (2)  

where βmax, u and βmax, r are the maximum angular distortions of the 
unreinforced and reinforced (GRS or GEC) foundations, respectively. 
The horizontal distance between two initial points of the surface 

Fig. 9. Determination of ground surface deformation: (a) Digital Terrain Model 
(DTM); and (b) surface displacement profile (A-A’ cross-section). 

Fig. 10. Photos of unreinforced foundation test (Test U) at various fault offsets: (a) S = 1.5 cm; (b) S = 3 cm; (c) S = 4.5 cm; and (d) S = 6 cm.  
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displacement (defined as the fault influence length LI) was evaluated to 
analyze the reinforcing mechanisms of the GRS and GEC foundations 
under reverse faulting. An illustration of the DTM for the determination 
of surface displacement profiles, and definitions of maximum angular 
distortion and fault influence length are presented in Fig. 9. 

In addition to ground surface deformation, the shear rupture prop
agation of the unreinforced, GRS, and GEC foundations was also 
analyzed to evaluate the reinforcing mechanisms of the GRS and GEC 
foundations under reverse faulting. The shear strain contours at various 
fault offsets, which were established using Digital Image Correlation 
(DIC) techniques, were selected to represent the shear rupture propa
gation that developed within the test models. To facilitate DIC, succes
sive high-resolution photos of the front of the test models were captured 
during testing. Black sand was mixed into the soil material for tracing 
soil particle movement. Details of the DIC techniques used in this study 
are provided in Yang et al. [42]. 

Results and discussion 

Unreinforced foundation 

Fig. 10 presents a series of images from the unreinforced foundation 
test involving reverse fault movement at fault offsets of S = 1.5, 3, 4.5 
and 6 cm. The test results indicate that the ground surface deformation 
became pronounced as the reverse fault displacement increased 
(Figs. 10 and 11a). The βmax at the ground surface were 0.25, 0.76, 0.84, 
and 0.84 at S = 1.5, 3, 4.5, and 6 cm, respectively (Fig. 11b). As ex
pected, the βmax at the ground surface increased as the fault displace
ment increased and approached the slope of the sand’s angle of repose 
(≈ tan ϕ = 0.81) at large fault offsets. The fault influence length was LI =

27.7 cm at S = 6 cm. 
Fig. 12 shows the shear strain contours of the unreinforced founda

tion subjected to reverse fault movement. The shear rupture propagated 
upward from the fault tip to the ground surface and decreased in dip as it 
approached the ground surface. At S = 3 cm (S/H = 15%), the shear 
rupture broke through the foundation soil and a surface fault rupture 
occurred at the ground surface. Meanwhile, the βmax at the ground 
surface increased considerably, from 0.25 to 0.76 (Fig. 11b), indicating a 
high surface fault hazard risk. The aforementioned results are in good 
agreement with those of the centrifuge tests conducted by Lin et al. [35] 
and field observations presented by Bray et al. [9]. 

GRS foundation 

Fig. 13 displays a series of images from the GRS foundation tests 
involving reverse fault movement at fault offsets of S = 1.5, 3, 4.5 and 6 
cm. When reverse fault displacement occurred, the ground surface 
deformed in a manner similar to that of the unreinforced foundation 

Fig. 11. Ground deformation of unreinforced foundation test (Test U) at 
various fault offsets: (a) surface displacement profile; and (b) maximum 
angular distortion. 

Fig. 12. Shear rupture propagation of unreinforced foundation test (Test U) at various fault offsets: (a) S = 1.5 cm; (b) S = 3 cm; (c) S = 4.5 cm; and (d) S = 6 cm.  
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(Figs. 11a and 14a). The fault influence length was LI = 22.1 cm at S = 6 
cm, which is similar to the fault influence length of the unreinforced 
foundation (i.e., LI = 27.7 cm). The βmax values were 0.18, 0.52, 0.74, 

and 0.84 at S = 1.5, 3, 4.5, and 6 cm, respectively (Fig. 14b). The per
centage reduction for βmax at S = 1.5, 3, 4.5, and 6 cm was Rd = 30.2%, 
31.5%, 11.7%, and 0%, respectively. The test results revealed that the 
GRS foundation was effective in reducing βmax at small fault offsets of S 
= 1.5 and 3 cm (i.e., a fault displacement ratio of S/H < 15%). However, 
the effectiveness in reducing βmax decreased considerably after the shear 
rupture reached the ground surface (i.e., at S = 4.5 cm, as shown in 
Fig. 15). The percentage reduction for βmax decreased to zero (Rd = 0%) 
at large fault offset of S = 6 cm (S/H = 30%). In the reduced model test 
of GRS foundations subjected to normal fault movement conducted by 
Yang et al. [42], the reduction in βmax induced by normal faulting was 
attributed to the development of the tensioned membrane and shear 
rupture interception effects. However, these effects were not observed 
for the GRS foundation subjected to reverse fault movement. Similar 
shear strain contours were obtained for the unreinforced and GRS 
foundations (Figs. 12 and 15, respectively) because the mobilization of 
the reinforcement tensile force had not sufficiently developed when the 
hanging wall was moving upward (i.e., the GRS foundation was com
pressed). Nonetheless, despite the considerable increase in βmax at large 
fault offsets, βmax was notably reduced at small fault offsets because of 
increased foundation ductility (i.e., axial strain at failure) caused by 
soil–geosynthetic interaction. 

In summary, the GRS foundation notably reduced the βmax at the 
ground surface at small fault offsets. However, the GRS foundation 
became ineffective in reducing βmax at large fault offsets. The Rd value 
decreased to 0% at S/H = 30% due to insufficient mobilized tensile force 
within the reinforcement because the GRS foundation was mainly sub
jected to compression as reverse fault displaced. 

GEC foundation 

Fig. 16 presents a series of images from the GEC foundation tests 
involving reverse fault movement (Test GEC10, the baseline case) at 
various fault offsets. Stepped surface displacement profiles were 
observed as the reverse fault displacement increased (Fig. 17a). The βmax 
were 0.17, 0.34, 0.59, and 0.64 at S = 1.5, 3, 4.5, and 6 cm, respectively 
(Fig. 17b). Compared with the unreinforced foundation, the βmax at the 
ground surface significantly decreased. The percentage reductions for 
βmax at S = 1.5, 3, 4.5, and 6 cm were Rd = 33.3%, 55.6%, 30%, and 
23.3%, respectively. The fault influence length was LI = 38.6 cm at S = 6 

Fig. 13. Photos of GRS foundation test (Test R-3L) at various fault offsets: (a) S = 1.5 cm; (b) S = 3 cm; (c) S = 4.5 cm; and (d) S = 6 cm.  

Fig. 14. Ground deformation of GRS foundation test (Test R-3L) at various fault 
offsets: (a) surface displacement profile; and (b) maximum angular distortion. 
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cm, which is greater than the fault influence length for the unreinforced 
foundation (LI = 27.7 cm). Fig. 18 presents the shear strain contours of 
the GEC foundation subjected to reverse fault movement. As the fault 
displaced, the fault-induced shear rupture passed through the first and 
second GEC rows in the footwall (labeled as 1 and 2 in Fig. 18). This 
mechanism was defined as the shear rupture diffusion effect. The 
diffusion effect was attributed to the soil–geosynthetic interaction, 
resulting in the distribution of the fault-induced shear rupture over a 
wider influence zone (i.e., dissipated the energy of the fault movement). 
As the fault displacement increased, the fault-induced shear rupture was 
then partially intercepted by the first GEC row in the footwall. This 
mechanism was defined as the shear rupture diversion effect. The 
diversion effect was attributed to the increases in the soil shear strength 
and stiffness of the GECs, resulting from the increase of the lateral earth 
pressure acting on the GECs as the fault displaced. 

In summary, the baseline GEC foundation considerably reduced the 
βmax at the ground surface for all fault offsets evaluated. The Rd value 
was 23.3% at S/H = 30%, revealing that the GEC foundation can 

mitigate the risk of surface fault hazards associated with large reverse 
fault movement. Two mechanisms, shear rupture diffusion and diversion 
effects, were identified, depending on the magnitude of the fault 
displacement and the system stiffness of the GEC foundation. 

Comparison of GRS and GEC foundations 

Fig. 20a-b present comparisons of the βmax and Rd values at various 
fault offsets for the GRS and GEC foundations, respectively. Test results 
revealed that both GRS and baseline GEC foundations (labeled as solid 
squares in Fig. 20a-b) can effectively reduce the βmax at the ground 
surface at small fault offsets. The Rd values of GRS and baseline GEC 
foundations at S = 1.5 cm (S/H = 7.5%) were 30.2% and 33.3%, 
respectively. However, as the fault offsets increased, the GRS foundation 
became ineffective (i.e., Rd = 0% at S/H = 30%) due to insufficient 
mobilized tensile force within the reinforcement (as discussed in Section 
3.2). Meanwhile, the baseline GEC foundation remained effective in 
reducing βmax at large fault offsets, which has the Rd value of 23.3% at S 

Fig. 15. Shear rupture propagation of GRS foundation test (Test R-3L) at various fault offsets: (a) S = 1.5 cm; (b) S = 3 cm; (c) S = 4.5 cm; and (d) S = 6 cm.  

Fig. 16. Photos of baseline GEC foundation test (Test GEC10) at various fault offsets: (a) S = 1.5 cm; (b) S = 3 cm; (c) S = 4.5 cm; and (d) S = 6 cm.  
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= 6 cm (S/H = 30%). As discussed in Section 3.3, the fault-induced shear 
rupture within the GEC foundation was distributed to a wider influence 
zone and intercepted by the GECs (i.e., the shear rupture diffusion and 

diversion effects), resulting in better performance in reducing βmax at 
large fault offsets. 

Influence of GEC horizontal spacing 

To evaluate the influence of GEC horizontal spacing on the perfor
mance of GEC foundations against reverse fault movement, a series of 
reduced model tests was conducted on GEC foundations with various 
GEC spacings. The influence of GEC spacing on the effectiveness of GEC 
foundations in reducing βmax at the ground surface and the reinforcing 
mechanisms associated with shear rupture propagation were investi
gated. Fig. 19 shows images of the GEC spacing tests at various fault 
offsets. The center-to-center GEC spacings in Tests GEC8, GEC10, and 
GEC14 were Sh = 8, 10, and 14 cm, respectively. The minimum GEC 
horizontal spacing (i.e., Sh = 8 cm) was determined in accordance with 
the group pile effect, which suggests that the minimum horizontal 
spacing should be not less than 2.5 times the GEC diameter. The GEC 
spacing-to-diameter ratio (dc = 3 cm) in Tests GEC8, GEC10, and GEC14 
was Sh/dc = 2.6, 3.3, and 4.6, respectively. The Sh/dc ratio was used to 
identify the optimal GEC spacing for the design of GEC foundations 
across a reverse fault. 

Figs. 20 and 21 present the influence of GEC spacing on the perfor
mance of GEC foundations subjected to reverse fault movement. For Sh =

8 cm (Sh/dc = 2.6), the βmax were 0.11, 0.24, 0.63, and 0.71 at S = 1.5, 3, 
4.5, and 6 cm, respectively, with the corresponding Rd values of 55.6%, 
68.5%, 25%, and 15%, respectively. The GEC foundation with a close 
GEC spacing considerably reduced the βmax at small fault offsets and 
remained effective in reducing βmax even after the shear rupture broke 
through the ground surface at S = 4.5 cm (S/H = 22.5%). The fault- 
induced shear rupture was intercepted by the first GEC row due to 
high system stiffness of the GEC foundation. The major mechanism for 
the GEC foundation with a close GEC spacing in reducing βmax was the 
shear rupture diversion effect. As the fault offset increased, the fault- 
induced shear rupture propagated upward along the first GEC row and 
broke through the ground surface, resulting in high βmax at the ground 
surface. 

For Sh = 10 cm (i.e., the baseline case, Sh/dc = 3.3), as discussed in 
Section 3.3, the βmax at the ground surface was effectively reduced due to 
the shear rupture diffusion and diversion effects. Additional diffusion of 
the shear rupture was observed in the GEC foundation with a proper GEC 

Fig. 17. Ground deformation of baseline GEC foundation test (Test GEC10) at 
various fault offsets: (a) surface displacement profile; and (b) maximum 
angular distortion. 

Fig. 18. Shear rupture propagation of baseline GEC foundation test (Test GEC10) at various fault offsets: (a) S = 1.5 cm; (b) S = 3 cm; (c) S = 4.5 cm; and (d) S =
6 cm. 
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spacing (i.e., the fault-induced shear rupture passed through the first 
and second GEC rows in the footwall), resulting in the most significant 
reduction in βmax at large fault offsets. The βmax at S = 6 cm (S/H = 30%) 
in Tests GEC8, GEC10, and GEC14 were 0.71, 0.64, and 0.67, respec
tively, with the corresponding Rd values of 15%, 23.3%, and 20%, 
respectively. 

For Sh = 14 cm (Sh/dc = 4.6), the βmax were 0.17, 0.24, 0.45, and 0.67 
at S = 1.5, 3, 4.5, and 6 cm, respectively, with the corresponding Rd 
values of 33.3%, 68.5%, 46.7%, and 20%, respectively. The βmax at the 
ground surface was effectively reduced by the GEC foundation with a 
wide GEC spacing. The fault-induced shear rupture only passed through 
the first GEC row (i.e., the diffusion of shear rupture was limited by the 
first GEC row) and reached the ground surface between the first and 
second GEC rows at S = 3 cm (S/H = 15%). The diversion of the shear 
rupture was not observed for wide GEC spacing due to the low system 
stiffness of the GEC foundation. The shear rupture diffusion effect was 
the governing mechanism for the GEC foundation with a wide GEC 
spacing in reducing βmax. 

In summary, the βmax at the ground surface was considerably reduced 
for all GEC spacings evaluated. Because of complex mechanisms be
tween diversion and diffusion of the shear rupture in the GEC founda
tions, an optimal GEC spacing of Sh/dc = 3.3 was observed, which 
exhibited the most significant reduction in βmax at large fault offsets. 

Design implication 

Earthquake magnitudes and maximum displacements can be pre
dicted using the empirical formulations such as that proposed by the U. 
S. Geological Survey [7], based on the statistical data for 35 cases of 
historic ground surface faulting in the United States and Mexico. The 
relationship between the maximum displacement and Richter magni
tude of an earthquake is as follows:  

Log D = 0.57 ML – 3.39                                                                   (3) 

where D is the maximum displacement in feet and ML is the Richter 
magnitude. According to the U.S. Geological Survey definition, 

Fig. 19. Photos of GEC spacing tests at various fault offsets: (a) GEC8; (b) GEC10; and (c) GEC14.  

Fig. 20. Influence of GEC horizontal spacing on: (a) βmax at ground surface; and 
(b) percentage reduction Rd. 
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earthquakes are classified as light earthquakes when the Richter 
magnitude is less than 5.0 (ML < 5.0), moderate earthquakes when 5.0 ≤
ML < 6.0, and strong earthquakes when ML ≥ 6.0. The corresponding 
maximum displacements for light, moderate, and strong earthquakes 
calculated using the empirical formula presented in Eq. 3 are D < 7 cm, 
7 cm ≤ D < 32 cm, and D ≥ 32 cm, respectively. The fault offsets 
considered in the reduced model tests were S = 1.5, 3, 4.5, and 6 cm, 
which correspond to 0.225, 0.45, 0.675, and 0.9 m, respectively, in 
prototype (at the target scaling ratio λ = 15). Therefore, the foundations 
were subjected to a fault displacement equivalent to a strong earthquake 
when the fault offset reached S = 0.45 m (S = 3 cm in the model). 
Similarly, the foundations were subjected to a fault displacement 
equivalent to a moderate earthquake for S = 0.225 m (S = 1.5 cm in the 
model). 

The previous discussion and reduced model test results demonstrate 
that a GEC foundation can reduce the βmax at the ground surface values 
ranging from 23.3% to 55.6% when a strong earthquake occurs (ML ≥

6.0), which considerably mitigates the risk of the surface fault hazards 
associated with reverse fault movements. However, a GRS foundation is 
only effective in mitigating βmax for moderate earthquakes (ML =

5.0–6.0). Therefore, if embankment construction across a reverse fault 
rupture zone is unavoidable, GEC foundations are found to be better 
suited than GRS foundations and can be used as a mitigation measure to 
reduce the reverse fault-induced ground deformation. It should be noted 
that the maximum angular distortion at the ground surface might exceed 
a superstructure’s design tolerance despite achieving a considerable 
reduction in fault-induced ground deformation. For example, the 
allowable angular distortion for GRS walls with wrap-around facing is 
βallow = 1/50 according to FHWA design guidelines [20,32]. However, 
the main goal of constructing a ductile GEC foundation is to ensure the 
stability, serviceability and reparability of the overlying embankments 
or infrastructure when a destructive earthquake fault movement occurs. 

Conclusions 

In this study, a series of reduced model tests on GEC foundations 

across a reverse fault was conducted. For comparison, reduced model 
tests on unreinforced and GRS foundations were also performed. The 
effectiveness of a GEC foundation to mitigate ground surface deforma
tion induced by reverse fault movement and reinforcing mechanisms of 
geotextile encasements were investigated. The influence of GEC hori
zontal spacing on the performance of a GEC foundation was also dis
cussed. Based on the experimental results, the key findings of this study 
are as follows:  

1. For the unreinforced foundation, the fault-induced shear rupture 
broke through the foundation soil and a distinct rupture occurred at 
the ground surface at S/H = 15%. Meanwhile, the βmax increased 
considerably, indicating a high surface fault hazard risk. The βmax at 
the ground surface approached the slope of the sand’s angle of repose 
at large fault offsets.  

2. For the GRS foundation, the βmax at the ground surface was notably 
reduced at small fault offsets. However, the GRS foundation became 
ineffective in reducing βmax at large fault offsets. The Rd value 
decreased to 0% at S/H = 30% due to insufficient mobilized tensile 
force within the reinforcement because the GRS foundation was 
mainly subjected to compression as reverse fault displaced.  

3. For the baseline GEC foundation, the βmax at the ground surface for 
all fault offsets evaluated was considerably reduced. The GEC foun
dation was effective in reducing βmax at large fault offsets. The Rd 
value was 23.3% at S/H = 30%, revealing that the GEC foundation 
can mitigate the risk of surface fault hazards associated with large 
reverse fault movement.  

4. Two mechanisms, shear rupture diffusion and diversion effects, were 
identified, depending on the magnitude of the fault displacement and 
the system stiffness of the GEC foundation. The diffusion effect was 
attributed to the soil–geosynthetic interaction, resulting in the dis
tribution of the fault-induced shear rupture over a wider influence 
zone. The diversion effect was attributed to the increases in the soil 
shear strength and stiffness of GECs, resulting from the increase of 
the lateral earth pressure acting on the GECs as the fault displaced. 

Fig. 21. Influence of GEC horizontal spacing on shear rupture propagation: (a) GEC8; (b) GEC10; and (c) GEC14.  
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5. For all GEC spacings evaluated, the βmax at the ground surface was 
considerably reduced. Because of complex mechanisms between 
diversion and diffusion of the shear rupture in the GEC foundations, 
an optimal GEC spacing of Sh/dc = 3.3 was observed, which exhibited 
the most significant reduction in βmax.  

6. Based on the classification of earthquakes and the corresponding 
maximum displacements converted, GEC foundations have superior 
performance than GRS foundations in mitigating fault-induced 
ground deformation as a strong earthquake occurred (ML ≥ 6.0, S 
≥ 0.32 m in prototype). 
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